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a b s t r a c t
Geminiviruses, single-stranded DNA plant viruses, encode a replication-initiator protein (Rep) that is
indispensable for virus replication. A potential cyclin interaction motif (RXL) in the sequence of African
cassava mosaic virus Rep may be an alternative link to cell cycle controls to the known interaction with
plant homologs of retinoblastoma protein (pRBR). Mutation of this motif abrogated rereplication in
ﬁssion yeast induced by expression of wildtype Rep suggesting that Rep interacts via its RXL motif with
one or several yeast proteins. The RXL motif is essential for viral infection of Nicotiana benthamiana
plants, since mutation of this motif in infectious clones prevented any symptomatic infection. The cell-
cycle link (Clink) protein of a nanovirus (faba bean necrotic yellows virus) was investigated that activates
the cell cycle by binding via its LXCXE motif to pRBR. Expression of wildtype Clink and a Clink mutant
deﬁcient in pRBR-binding did not trigger rereplication in ﬁssion yeast.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Plant viruses with small circular single-stranded (ss) DNA
(geminiviruses, nanoviruses) need host polymerases for their
replication in differentiated cells of mesophyll and phloem tissues.
For this purpose, they have evolved different mechanisms to
reactivate steps of the cell cycle and promote DNA synthesis. The
replication-initiator protein (Rep) of geminiviruses interacts with
the plant homologue of the retinoblastoma protein (pRBR) to
release the block at G1/S phase (Gutierrez et al., 2004). A similar
interaction and function has been found for the nanovirus protein
Clink (cell cycle link), whereas the nanovirus Rep is not involved in
this reprogramming (Aronson et al., 2000). The induction of viral
replication is accompanied by a rereplication of host DNA with
discrete increases in ploidy in plants (Lageix et al., 2007; Nagar
et al., 2002), which can be also observed in ﬁssion yeast as a genetic
model (Forsburg, 1999), but with a linear increase in DNA content
(Kittelmann et al., 2009). Interestingly, ﬁssion yeast (Schizosachar-
omyces pombe) lacks a homologue of RB and it is, therefore,
necessary to search for an alternative cell cycle control pathway.
We will show that the Rep RXL motif and its putative interaction
with cyclins may be a good candidate.
Progression through the normal host cell cycle is mainly
coordinated by cyclin-dependent kinases (CDK) that phosphory-
late their target substrates (Dewitte and Murray, 2003; Inzé, 2005;
Weinberg, 1995). The regulatory cyclin subunits of CDKs ﬂuctuate
during the cell cycle, and CDKs are further controlled by CDK
inhibitors. Interaction between CDKs and their substrates or CDK
inhibitors frequently occur via a cyclin box in the cyclin subunit
forming a hydrophobic surface patch and a cyclin interaction motif
(RXL) in the binding partner (Adams et al., 1996, 1999; Brown
et al., 1999; Chen et al., 1996; Schulman et al., 1998; Vlach et al.,
1997; Zhu et al., 1995). The RXL motif has been also found in the
replication-initiator protein E1 of human papillomaviruses (HPV),
where it is important for CDK-dependent phosphorylation of E1
(Ma et al., 1999), and in the E4 protein of HPV18, that is essential
for CDK binding (Ding et al., 2013; Knight et al., 2011). The
integrity of the cyclin binding motif was important to induce a
cell cycle arrest at G2/M, possibly to maintain the pseudo S phase-
like state (Knight et al., 2011).
In plant ssDNA viruses, the manner by which the cell cycle is
controlled depends on their taxonomic classiﬁcation to families and
genera as well as on the tissues in which they replicate. Currently,
seven genera in the family Geminiviridae are described (http://talk.
ictvonline.org/ﬁles/ictv_ofﬁcial_taxonomy_updates_since_the_8th_rep
ort/m/plant-ofﬁcial/4454.aspx), in which the genera Mastrevirus and
Begomovirus have attracted considerable scientiﬁc attention. Whereas
mastreviruses express two replication initiator proteins (RepA, Rep) by
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differential splicing, begomoviruses code only for one such protein
(Rep). The multicomponent viruses of the family Nanoviridae possess
one master Rep and further alphasatellite-encoded Reps in addition to
Clink. The cell cycle regulator pRBR is bound to mastrevirus RepA and
nanovirus Clink via their LXCXE motifs, whereas begomoviruses lack
this motif andmay bind by a central domain in Rep (for tomato golden
mosaic virus, TGMV, amino acids 101 to 180) (Ach et al., 1997;
Arguello-Astorga et al., 2004; Kong et al., 2000).
Although mutation of the LXCXE motif in maize streak virus (MSV)
Rep/RepA abolished the binding of pRBR, the mutants were still
infectious in maize, but with less severe symptoms, reduced DNA
levels and phloem-limitation (McGivern et al., 2005; Ruschhaupt et al.,
2013; Shepherd et al., 2005). Similarly, the removal of the binding
domain of TGMV, which infects the mesophyll in Nicotiana benthami-
ana, led to phloem-limitation (Kong et al., 2000). Interestingly, the
interaction of African cassava mosaic virus (ACMV) Rep with pRBR was
not sufﬁcient to induce viral DNA replication in 56 days old
N. benthamiana plants but in younger plants (31 days) (Bruce et al.,
2011). These results lead to the assumption that the pRBR binding is
important for multiplication in the mesophyll, but additional mechan-
isms may be necessary in the phloem where most of the gemini-
viruses are conﬁned to (see the recent discussion in Ruschhaupt et al.,
2013 and references therein).
ACMV is a member of the genus Begomovirus (Brown et al.,
2012) and the structure of its capsid has been determined at high
resolution (Böttcher et al., 2004; Zhang et al., 2001). In the model
plant used here (N. benthamiana) it is not restricted to the phloem
but invades spongy and palisade parenchyma as well as epidermal
cells (Wege et al., 2001). As a frequent pathogen of cassava in
Africa it has caused severe economic damage for the starchy food
plant (Legg et al., 2011; Patil and Fauquet, 2009). The genome of
ACMV consists of two circular DNAs (A and B), that share a 200 bp
common region (Brown et al., 2012; Stanley and Gay, 1983) which
harbors the origin of replication with a nonanucleotide sequence
highly conserved among geminiviruses as well as regulatory
elements for transcription. Only a limited number of proteins are
encoded by the virus: six on the DNA A component and two on the
DNA B component (Brown et al., 2012). The open reading frame
(ORF) for the replication-initiator protein (Rep, AC1) is located on
the complementary strand of DNA A. Rep is the only geminiviral
protein indispensable for replication (Davies and Stanley, 1989;
Etessami et al., 1991; Hanley-Bowdoin et al., 1990; Townsend et al.,
1985), but does not possess a polymerase activity. During rolling
circle replication (RCR), Rep functions as an endonuclease and
nucleotidyltransferase, cleaving the virion-sense strand within the
nonanucleotide sequence in the common region and sealing it
after one round of replication (Laufs et al., 1995; Stanley, 1995). The
resulting circular ssDNA molecules are either packaged into virions
or converted to dsDNA by complementary strand replication (CSR).
The dsDNA intermediates serve as templates for transcription and
for recombination-dependent replication (Jeske, 2007, 2009; Jeske
et al., 2001). In addition, Rep possesses helicase activity
(Choudhury et al., 2006; Clérot and Bernardi, 2006), and interacts
with several host proteins to activate the cell cycle (Gutierrez et al.,
2004; Nagar et al., 1995) as described above for pRBR. TGMV Rep
leads to an accumulation of the sliding clamp (proliferating cell
nuclear antigen; PCNA) in differentiated N. benthamiana cells
which was undetectable in uninfected cells (Nagar et al., 1995).
A direct interaction between PCNA and two proteins of tomato
yellow leaf curl Sardinia virus (TYLCSV), Rep and the viral replica-
tion enhancer (REn), has been shown by yeast two-hybrid assays
(Castillo et al., 2003).
Starting from the previous discovery that ACMV Rep is able to
initiate rereplication in ﬁssion yeast which lacks a RB homologue
(Kittelmann et al., 2009), the following experiments were designed to
identify alternative links to cell cycle control for ACMV Rep.
Fig. 1. Localization of the RXL motif in the ACMV Rep protein sequence. (a) Map of the functional domains of Rep as inferred from previous literature about this and other
geminiviruses (cited in the text), with the DNA binding domain, and motifs required for initiation of rolling circle replication located in the N-terminal part (aa 1 to 119), the
central region (aa 120 to 179) essential for interaction with itself and other proteins, and the ATPase/helicase function (aa 180 to 329) with the conserved Walker A and B as
well as motif B0 and C located in the C-terminal part of the protein. (b) Amino acid sequence alignment of Rep for selected geminiviruses to represent the main genera. A part
of the C-terminus as indicated is shown containing the Walker A and RXL motifs for the Old World begomovirus ACMV (accession number: CAD20827), the NewWorld bean
golden mosaic virus (BGMV; AAA46312), the topocuvirus tomato pseudo-curly top virus (TPCTV; CAA59223), the curtovirus beet curly top virus (BCTV; AAA42751), the
turncurtovirus turnip curly top virus (TCTV; ADJ58423), the eragrovirus Eragrostis curvula streak virus (ECSV; ACO88020), the mastrevirus MSV (AAK73446), and the
becurtovirus beet curly top Iran virus (BCTIV; ACA35293). Sequence alignment was accomplished by using BioEdit software, identical amino acids are shown with white
background, different gray shades indicate similar (light gray) and dissimilar (dark gray) amino acids.
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Results
Conservation of the RXL motif in geminiviral Rep sequences
Sequence analysis of the ACMV Rep protein (ACMV Nigeria-
Ogo, GenBank accession number CAD20827) revealed three poten-
tial RXL motifs, at amino acid positions 47 to 49, at 150 to 152, and
at 231 to 233. A global alignment of ACMV Rep to other gemini-
viral Reps showed only the third RXL sequence to be highly
conserved. It is located within the C-terminal part of the Rep
protein (Fig. 1a) that comprises the ATPase and helicase functions.
The RXL motif is conserved in the Rep sequences of most type
members of the seven geminivirus genera (Fig. 1b) and located
close to the Walker A motif of the ATPase. Only the middle
position varies. A survey on more geminiviral sequences listed
by Nash et al. (2011) revealed that 172 of the 179 begomovirus
sequences have the RXL motif, all ﬁve curtovirus sequences, the
topocuvirus sequence, but only ﬁve of the 14 mastreviruses
sequences. Of the newly described geminivirus genera, the RXL
motif is conserved in the turncurtovirus and eragrovirus
sequences, whereas the RXL sequence is absent in both becurto-
virus species. Thus, this motif is relatively conserved.
Rep expression
In order to analyze the impact of the RXL motif in Rep on the
cell cycle in yeast, the motif was mutated from RSL to ASA in the
Rep expression plasmid pREP2:AC1 (Kittelmann et al., 2009).
S. pombe cells harboring either pREP2:AC1 or pREP2:AC1ASA were
induced for protein expression in medium lacking thiamine. Both
Rep variants were detected in cell extract supernatants (Fig. 2,
three independent clones tested in three repetitions with similar
results) as well as in the corresponding pellets (Supplementary Fig. 1).
In the supernatant fraction (Fig. 2), the expression level of RepASA was
lower than that of Rep. In the pellet fraction, however, the expression
level for both Rep variants was similar (Supplementary Fig. 1). No Rep
expression was observed under non-inducing conditions (Fig. 2 and
Supplementary Fig. 1).
The endonuclease activity of Rep was not affected by mutating
the RXL motif (Fig. 3), as assessed by applying an in vitro cleavage
assay. An oligonucleotide containing the conserved geminiviral
nonanucleotide (#5, Table 1) served as substrate for Rep cleavage,
and the activity of the protein was monitored by a shift of a band
in Western blots due to the formation of an adduct consisting of
the protein bound to the 50 end of the cleaved oligonucleotide
(Kittelmann et al., 2009). As expected from previous results
(Kittelmann et al., 2009), both Rep variants in cell extract super-
natants (Fig. 3a, three independent clones tested in three repeti-
tions with similar results) as well as in pellets (Fig. 3b) were able
to cleave the oligonucleotide.
Inﬂuence on cell morphology and DNA content
Cultures induced for Rep protein or RepASA protein expression
were further analyzed by light microscopy. As shown previously
(Kittelmann et al., 2009), wt Rep expressing cells displayed a
characteristic phenotype which resembles S. pombe mutants with
defects in cell division cycle (cdc) control. About 10% of cells in
cultures expressing the Rep protein were elongated and displayed
enlarged and less compact, but single nuclei after DAPI staining
(Kittelmann et al., 2009). This altered morphology was found again
for cultures induced for wt Rep expression (Fig. 4, Rep induced),
whereas cultures induced for expression of the mutant Rep
consisted only of normal cells (Fig. 4, RepASA induced). These were
indistinguishable from cultures under noninducing conditions
(Fig. 4, Rep repressed, RepASA repressed). Therefore, the RepASA
protein was no longer able to induce the cell elongation and
nucleus deformation.
As described earlier (Kittelmann et al., 2009), the altered
phenotype of Rep expressing cells was associated with a distinct
subpopulation of cells in ﬂow cytometry analysis which showed
peculiar properties in forward and side scatter values as well as in
DNA content, when compared to non-induced or vector control
cells. Therefore, ﬂow cytometry was repeated for the Rep or RepASA
expressing cultures, in order to determine the properties and DNA
contents of the fraction of cells in the subpopulation. Under
inducing conditions, again up to 10% of cells in a culture with
the plasmid pREP2:AC1 were gated to the subpopulation (Fig. 5)
with increased forward and side scatter values as measures for
size and internal complexity, respectively. In cultures with plasmid
pREP2:AC1ASA only a small portion of cells was found in this
Fig. 2. Rep and RepASA protein expression in ﬁssion yeast. Cell extract supernatants
12 h after shift to minimal medium without (þ induction) or with ( induction)
thiamine were prepared (hours post-induction (hpi); see Suppl. Fig. 1 for the
respective pellets). Proteins of three independent clones each for the constructs
pREP2:AC1 (Rep) and pREP2:AC1ASA (RepASA) were examined in Westernblots using
anti-Rep antisera. The arrowhead indicates the expected position of Rep/RepASA.
A cross-reacting S. pombe protein is marked by an asterisk. Positions of marker
proteins with their molecular masses (kDa) are shown on the right side.
Fig. 3. In vitro cleavage reactions in the presence of Rep or RepASA. Cell extract
supernatants (a) or pellets (b) containing plasmid pREP2:AC1 (Rep) or pREP2:
AC1ASA (RepASA) were prepared at 12 hpi and incubated with (þ) or without ()
the cleavage substrate (Oligo; oligonucleotide #5, Table 1). For each construct three
independent clones are shown. Filled and open arrowheads indicate the positions
of the Rep/RepASA or the generated adduct of protein and cleaved oligonucleotide,
respectively. The asterisk marks a cross-reacting S. pombe protein. Westernblot
immunodetection and marker proteins (M) as in Fig. 2.
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subpopulation (Fig. 5a), which was in the same range as for cells
under non-inducing conditions (Fig. 5b). Hence, mutated Rep was
unable to change the cell appearance measured by ﬂow cytometry.
Cell populations with normal forward and side scatter proper-
ties as well as the cells of the subpopulation (gate r) were further
examined for their DNA contents. For quantiﬁcation propidium
iodide ﬂuorescence was used, and cells with a DNA content of
r2C, which indicates cells in G1 or G2, were collected in one class
and cells with a DNA content of 42C in a second class. The second
class represents binucleated cells during normal S phase (DNA
contents between 2C and 4C) as well as cells undergoing rerepli-
cation within a single nucleus. About 75% of cells of the normal
population harboring plasmid pREP2:AC1 possessed a DNA con-
tent r2C (ﬁrst class) from 12 to 18 h post-induction (hpi)
indicating a growing ﬁssion yeast culture (Table 2). In contrast,
about 50% of cells expressing the wildtype Rep protein (subpopula-
tion) accumulated with a DNA content of more than 2C (second class)
at 12 hpi and of almost three quarters of cells at 18 hpi (Table 2). This
effect was even more pronounced if cells started starving which is –
for normal cells – accompanied with an accumulation of cells in G1
phase, therefore resulting in an increase of cells with r2C and
decrease of cells with 42C (Kittelmann et al., 2009, and Table 3,
normal cells). Cells with plasmid pREP2:AC1ASA for RepASA expression
showed the same behavior of normal cells with about three
quarters having a 2C DNA content, and were comparable to the
normal cells of cultures with plasmid pREP2:AC1 (Table 2). Thus, the
ﬂow cytometric analyses conﬁrmed the results obtained by ﬂuores-
cence microscopy.
Table 1
Oligonucleotides used for cloning of viral ORFs.
# Oligonucleotide Sequencea
1 AC1-ASA-for 50 – GAAGACGATATGGGCCGCATCTGCGGGCCCACACAATTACCTG – 30
2 AC1-ASA-rev 50 – CAGGTAATTGTGTGGGCCCGCAGATGCGGCCCATATCGTCTTC – 30
3 C10-for 50 – TACACACATATGAGAGGATCGCATCACC – 30
4 C10-rev 50 – TACACACCCGGGTCAACTAATAACAATATCCTTG – 30
5 ACMV-12 50 – TAATATT A^CCGG – 30
6 AC1_2 50 – ACCGTCGAATGGGGACAATT – 30
7 Av1463 50 – CGTAAATCCATGATTGGAGC – 30
a The nucleotides changed for construction of pREP2:AC1ASA and pUC19-APA9-AC1ASA are underlined,
start and stop codons of the viral ORFs are shown in italics. In ACMV-12^indicates the position for Rep protein
cleavage.
Fig. 4. Fission yeast cell morphology and DNA contents. Light micrographs at 18 h after induction (Induced) or repression (Repressed) of cells containing plasmid pREP2:AC1
(Rep) or pREP2:AC1ASA (RepASA) in DIC contrast (upper row) or with DAPI ﬂuorescence (lower row) for the same area. The large nucleus with intense DAPI staining in an
elongated cell is encircled. Bar¼10 μm.
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Expression and effect of Clink
In order to investigate the effect of the nanoviral Clink protein on
the cell morphology and DNA content in ﬁssion yeast, the plasmid
pREP2:C10 was constructed to express His6-Clink under the same
conditions as Rep. In addition, the plasmid pREP2:C10LRA was gener-
ated to express a mutant His6-Clink protein with the nonfunctional RB
binding (LXCXE) motif. Clink and ClinkLRA were detected via their
N-terminal His6-tags onWestern blots with anti-His antibodies mainly
in cell extract pellets (Supplementary Fig. 2) but also in cell extract
supernatants (data not shown). The amount of Clink and ClinkLRA in
the cell extract pellets was high enough to be seen in Coomassie-
stained gels (data not shown). There is a slight migration difference
between Clink and ClinkLRA that has been noticed already by Aronson
et al. (2000) for the bacterially expressed proteins. Correspondingly, wt
Clink protein migrated more slowly than the mutated Clink protein
(Supplementary Fig. 2).
In contrast to wt Rep, the expression of wt and mutated Clink did
not change the cell phenotype as analyzed by microscopy (data not
shown). The cells displayed the normal S. pombe morphology and
were indistinguishable from cells under noninducing conditions.
Corresponding to the microscopy results, no subpopulation of
cells with altered forward and side scatter properties was
observed by ﬂow cytometry (data not shown) and no DNA content
changes were observed (Table 3).
Relevance of the RXL motif for virus infection
The ASA mutation was introduced into plasmid pUC19-APA9,
which contains a monomer of ACMV DNA A, to generate pUC19-
APA9-AC1ASA. Monomers of either wt or mutant DNA A together
with DNA B were released from the plasmids by restriction
enzyme digestion. The respective combinations of DNA were
inoculated mechanically onto N. benthamiana plants. Plants with
wt virus inoculation showed symptoms on newly developing
leaves as early as 6 days post-inoculation (dpi) and full infection
with deformation and curling of leaves with yellow-green mosaic
and stunting of plants by 10 to 11 dpi (Fig. 6). The infection rate of
the wt virus was almost 100% (Table 4). In contrast, most plants
which were inoculated with the mutant DNA A and wt DNA B did
not show any symptoms, and they developed like mock-treated
plants (Fig. 6). Only ﬁve of the 42 plants (Table 4; 12%) developed
Fig. 5. wtRep dependent anomalous cell morphology as detected by ﬂow cytome-
try. Cells of the distinct subpopulation with increased forward scatter and side
scatter properties were gated and the portion of these cells is presented (% of cells
gated) as described (Kittelmann et al., 2009). Induced (a) or noninduced (b) cells
with plasmids pREP2:AC1 (Rep) or pREP2:AC1ASA (RepASA) of three independent
clones each were ﬁxed at 0, 6, 12, or 18 hpi (or hours post repression, hpr), stained
with propidium iodide, and 100,000 cells were analyzed for each sample. The mean
values of three independent experiments with standard deviations are shown. The
differences between gated cells in cultures expressing the wildtype Rep and those
in cultures expressing the Rep mutant were statistically signiﬁcant (t-test,
po0.0005) at 6, 12, and 18 hpi.
Table 2
Cell cycle analysis by ﬂow cytometry of 100,000 cells per culture expressing Rep or
RepASA at 12 and 18 hpi.
Cell population and plasmid DNA content [%] atn
12 hpi 18 hpi
r2C 42C r2C 42C
Normal
pREP2:AC1 #1 76 23 75 23
pREP2:AC1 #2 73 26 75 23
pREP2:AC1 #3 73 25 76 22
pREP2:AC1-ASA #1 74 25 75 23
pREP2:AC1-ASA #2 74 24 76 22
pREP2:AC1-ASA #3 75 23 75 23
average: 74 24 75 23
Subpopulation
pREP2:AC1 #1 48 50 20 76
pREP2:AC1 #2 46 52 21 75
pREP2:AC1 #3 43 55 25 72
average: 46 52 22 74
n For cells with plasmid pREP2:AC1, the subpopulation of cells with distinct
forward and side scatter properties expressing the wt Rep protein was evaluated
separately. Values for DNA content are rounded to the nearest integer. Average:
arithmetic mean of a given DNA content for the cultures of one group.
Table 3
DNA contents measured by ﬂow cytometry of 100,000 cells per culture expressing
Clink or ClinkLRA in comparison with Rep at 12 and 18 hpi.
Cell population and plasmid DNA content [%] atn
12 hpi 18 hpi
r2C 42C r2C 42C
Normal
AC1 #2 79 21 83 16
C10 #2 79 20 83 16
C10 #4 78 22 83 16
C10 #7 80 19 83 16
C10 #8 78 21 83 16
C10-LRA #3 79 20 83 16
C10-LRA #4 80 19 83 16
C10-LRA #7 82 18 84 15
average: 79 20 83 16
Rep-expressing
AC1 #2 42 56 18 80
n For cells with plasmid pREP2:AC1, the subpopulation expressing the wt Rep
protein was evaluated separately. Values for DNA content are rounded to the
nearest integer. Average: arithmetic mean of a given DNA content for the cultures
of one group.
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symptoms at different times during the observation period (up to
50 dpi). Three of them developed ﬁrst symptoms by 11 dpi, almost
as early as plants infected with the wt virus, one plant showed
symptoms from 15 dpi on, and the ﬁfth plant developed mild
symptoms very late (from 34 dpi on). The delayed appearance of
infection may indicate the generation of revertants and this was
further examined by RCA/RFLP diagnosis and sequencing.
Total nucleic acids were isolated at different time points, and
viral DNAs were inspected by RCA/RFLP (HpaII). The expected
characteristic band patterns for ACMV (DNA A as well as DNA A
RepASA: 1533 and 1248 bp; DNA B: 1181, 857, and 687 bp) were
observed for the wt virus infected plants (Fig. 7). Later during
infection, additional bands were observed indicating the accumu-
lation of defective DNAs or of mutations in the viral DNAs (e.g.
plant 9 inoculated with A wtþB wt in Fig. 7) (Bach and Jeske,
2014; Stanley and Townsend, 1985). Plants inoculated with the
mutant DNA A showed only the viral DNAs if they developed
symptoms (Fig. 7, plant 10 inoculated with A RepASAþB wt) and no
mock-inoculated plant displayed any virus pattern, excluding any
cross-contamination between sets of plants. In the case of the ﬁve
symptomatic mutant DNA A inoculated plants, viral DNAs were
detectable as early as 11 dpi in four plants (data not shown). The
ﬁfth plant developed symptoms very late, and viral DNA was
ampliﬁed from 28 dpi on (data not shown).
Direct sequencing on RCA products using primers 6 and 7
(Table 1) to cover both strands over the site of mutagenesis was
performed. Three of the ﬁve plants, that were inoculated with the
mutant DNA A and developed symptoms early, possessed a
reverted wt sequence as early as 11 dpi. This sequence was
conﬁrmed in DNAs isolated from these plants independently at
14 dpi. Sequencing of the DNA isolated at 28 dpi from the plant
that developed symptoms late, also revealed the reversion to the
wild-type sequence. The ﬁfth plant, showed a mixture of wt and
mutant sequence at 11 dpi and only the wt DNA A at 14 dpi.
In order to exclude that the DNA B inoculum was contaminated
with wt DNA A, plants were treated with DNA B alone, but none of
the 20 plants developed any symptoms.
In summary, the RXL motif in the geminiviral Rep protein is
essential for the induction of rereplication in ﬁssion yeast and for
viral infection in N. benthamiana. In contrast, the nanoviral Clink
protein, has no effect on the cell cycle in S. pombe.
Discussion
The results suggest that a novel mechanism may link the
geminiviral Rep to cell cycle control, which has not been con-
sidered so far. Based on a global analysis of transcripts in cabbage
leaf curl virus (CaLCuV) infected Arabidopsis plants, Ascencio-
Ibanez et al. (2008) discussed that there might be already hints
that geminiviruses may alter the host cell cycle by interaction with
other factors than pRBR. The authors showed that genes expressed
during G1 and M phase of the cell cycle were down-regulated,
whereas those of S and G2 phase were up-regulated (Ascencio-
Ibanez et al., 2008). In addition, the mutation experiments with RB
binding motifs reported in the literature (Kong et al., 2000;
McGivern et al., 2005) led to the assumption that at least for the
phloem, the necessary and main multiplication site of gemini-
viruses, alternative mechanisms have to exist. A putative cyclin-
interacting motif (RXL) in the Rep protein of ACMV that is highly
conserved across different genera of geminiviruses is, thus, a
promising candidate required for such an alternative way of cell
cycle modulation.
Rereplication of the yeast DNA may rely simply on the endo-
nuclease activity of the Rep protein. There are several arbitrary
nonanucleotide sequences in the S. pombe genome, which could be
Fig. 6. N. benthamiana plant phenotypes after ACMV wt, RepASA or mock inoculations at 20 dpi. Plants with the monomers of the respective DNA As plus wt DNA B (B wt)
each as indicated are shown in representative images.
Table 4
Infection rate of N. benthamiana plants inoculated with wt or RXL Rep-
mutant virus.
Inoculuma Expt. 1b Expt. 2 Expt. 3 Expt. 4 Expt. 5
AþB 6/6 12/12 11/12 12/12 3/3
A-AC1ASAþB 0/6 2/12 1/12 2/12
mock 0/6 0/12 0/12 0/12
B 0/20
a A: monomer of wt ACMV DNA A; A-AC1ASA: monomer of ACMV DNA A with
the RXL motif of Rep mutated; B: monomer of wt ACMV DNA B; mock: water.
b Number of plants showing symptoms/total number of plants inoculated with
the indicated combination.
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targeted by Rep during host replication when the ssDNA remains
open. Such an event could be recognized by the host and may
activate the repair pathways leading to replicational release of
ssDNA. Therefore, it was necessary to test whether the endonu-
clease activity of the mutated RepASA was impaired. This is
obviously not the case, as shown by the in vitro cleavage assay.
The protein seems to fold correctly at least in this domain, which is
probably folded independently from the helicase domain as do
other Rep-related proteins (Gomez-Lorenzo et al., 2003).
The RXL motif is located within the C-terminal portion between
the Walker A and B motifs that are important for the helicase
function of the protein. We cannot rule out that mutating the
cyclin binding motif leads to a structural distortion that might
affect the helicase function of Rep. However, at least for the ﬁssion
yeast experiments, the helicase function may not be necessary in
the context of cell cycle regulation.
A lysine residue close to the RXL motif has been found in
mungbean yellow mosaic India virus (MYMIV) Rep to be involved
in binding of the 32 kDa subunit of replication protein A (RPA)
(Singh et al., 2007), the ssDNA binding protein of eukaryotes in
various processes, like DNA replication, repair, recombination, cell
cycle and DNA damage checkpoints. Since this lysine residue is
located within the Walker A motif, the role of this amino acid for
interaction with RPA might be an indirect effect, that depends on
an intact Walker A motif. In contrast, interaction of the RXL motif
in Rep with cellular proteins might be direct – at least no other
function for these amino acids has been described in the literature
so far. Additionally, if the helicase domain of the Rep protein folds
into a similar structure as the one determined for adeno-
associated virus 2 Rep40 (James et al., 2003), the RXL motif would
be located within helix 8, an alpha helix conserved in diverse SF3
helicases (Hickman and Dyda, 2005), and would probably be
accessible for interaction with other proteins.
In S. pombe, the major cyclin-dependent kinase (CDK) Cdc2 is
activated by cyclin Cdc13 prior to G2/M transition (Kiang et al.,
2009). It is a key regulator for normal cell cycle and important for
maintaining the ploidy of the cell. If the level of CDK activity is
perturbed, it will lead to a reset of the cell cycle to endoreduplica-
tion (Kiang et al., 2009). Depletion of CDK activity (Cdc2-Cdc13)
leads to DNA synthesis in G2 cells (Kiang et al., 2009). Sequence
analysis of Cdc13 reveals that it possesses the consensus amino
acids forming the hydrophobic patch for interaction with the
cyclin binding motif (Schulman et al., 1998). Amino acid residues
of the hydrophobic patch directly contacting the RXL motif in the
available crystal structure are identical with the correct spacing
(M235, I238, W242, E245, L278, Q279, amino acid numbering
according to S. pombe Cdc13, GenBank accession number
NP_595171) (Brown et al., 1999). If the Rep protein would seques-
ter Cdc13 via interaction between the RXL motif and the hydro-
phobic patch, it might hinder Cdc13 either from forming a stable
complex with Cdc2 to establish the CDK function for controlled
cell cycle progression or from binding to its substrate proteins that
may normally also interact via a RXL motif with Cdc13. This in turn
might lead to the DNA synthesis observed for Rep expressing cells.
Several proteins involved in cell cycle regulation either directly
or indirectly possess RXL motifs as potential interactions sites with
cyclins. These may be targets in one or the other way for an
interaction or interference with the geminiviral Rep protein and
will have to be tested in further experiments.
In contrast to the ACMV Rep protein, the nanoviral FBNYV Clink
protein did not interfere with the cell cycle in ﬁssion yeast. Neither
expression of the wt His6-Clink nor the mutant defective in pRBR
binding induces rereplication or any change in cell morphology.
In plants, Clink inﬂuences the cell cycle by binding pRBR via its
LXCXE motif (Aronson et al., 2000; Lageix et al., 2007). Sequence
comparisons detected no pRB homologue in ﬁssion yeast which
Fig. 7. Differential virus DNA accumulations in inoculated N. benthamiana plants. Total nucleic acids were isolated from plants as described in Fig. 6, but at 21 dpi. For each
inoculation variant 12 plants were analyzed by RCA/RFLP(HpaII) diagnosis on 2% agarose gels stained with ethidium bromide after the run. The expected fragments for ACMV
DNA A (the same for wt and mutant) and DNA B are indicated at the left side 1533, 1248, 1181, 857, 687 bp. M: AbMV DNA A and B cut separatedly with PstI or HpaII and
mixed served as marker (expected sizes on the right side).
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would be available for Clink to intervene with the cell cycle,
corroborating the assumption of other targets than RB for the
geminiviral Rep protein to interfere with cell cycle regulation and
to induce a replication competent state of the cell. A reasonably
conserved RCL sequence in nanoviral Clink proteins did not
interfere with cell cycle control in ﬁssion yeast. Since no 3D
structure of Clink is available, it is unclear whether this motif is
accessible for an interaction with other proteins. By contrast to the
geminivirus Rep proteins the master Rep proteins of the nano-
viruses do not have any RXL motifs.
In plants, the RXL motif in ACMV Rep was absolutely necessary
for systemic infection which contrasts to the relevance of the RB
binding motif which upon mutation still allowed replication
although to a lower extent (McGivern et al., 2005; Ruschhaupt
et al., 2013). However, some local replication must have happened
even with the DNA A RepASA to explain the observed generation of
revertants. Early appearance of revertants is a common theme of
geminiviral replication. For Abutilon mosaic virus (AbMV) Rep
mutants were repaired quickly by recombination (Evans and Jeske,
1993). Similarly, mutants in the tomato yellow leaf curl virus C4
ORF, which is embedded in the AC1 ORF, reverted in planta (Jupin
et al., 1994). In MSV RepA the LXCXE motif has been identiﬁed to
interact with maize pRBR in yeast (Shepherd et al., 2005). Muta-
tion of this motif in the viral genome resulted in reverted progeny
virus that outcompeted the original mutant completely, but did
not restore the wt sequence (Shepherd et al., 2005). Although the
symptom severity was reduced, the MSV LXCXE-Rep mutant was
still infectious in maize, even though interaction of the mutant as
well as the revertant with pRBR was abolished (Ruschhaupt et al.,
2013; Shepherd et al., 2005). These results led the authors
(Ruschhaupt et al., 2013; Shepherd et al., 2005, 2006) to suggest
that ssDNA or transcript folding inﬂuence the process of reversion,
and recent bioinformatic analyses have lend further support to the
idea that secondary structures in circular ssDNAs of various viruses
are important features (Muhire et al., 2014).
Reversion at high frequencies of several mutations introduced
into TGMV and CaLCuV Reps have been reported for N. benthamiana
and Arabidopsis plants (Arguello-Astorga et al., 2007).
The occurrence of a mixture of mutated DNA A and the parental
wt DNA A in one plant in our study hint further at an early
reversion during infection. An alternative explanation by cross-
contamination can be excluded, since all mock-inoculated plants
(water, DNA B) remained virus-free in all experiments. Never-
theless, there might be a selective pressure for speciﬁc nucleotides
to maintain a certain DNA secondary structure as it has been
described for the MSV LXCXE motif (Shepherd et al., 2006).
In summary, we show the role of a putative cyclin interaction
motif in the ACMV Rep for interference with the cell cycle in
ﬁssion yeast and for viral infection in plants. A vast variety of host
proteins involved in cell cycle control, probably in redundant
functions, are now interesting candidates to explain the ﬂexibility
by which geminiviruses hijack host cells.
Materials and methods
Construction of plasmids
The mutant plasmid pREP2:AC1ASA to express RepR231A, L233A
(RepASA) in S. pombe was derived from pREP2:AC1 for wt Rep
expression (Kittelmann et al., 2009) using PCR (95 1C for 2 min,
followed by 18 cycles of 95 1C for 30 s, 55 1C for 1 min, and 72 1C
for 20 min), a Pfu DNA polymerase (Fermentas, St. Leon-Roth,
Germany), mutation primers AC1-ASA-for and AC1-ASA-rev
(Table 1), and pREP2:AC1 DNA as the template. The parental
plasmid was digested with DpnI, and the ligated PCR product
was introduced into Escherichia coli DH5α. The mutant plasmid
pUC19-APA9-AC1ASA to introduce the exchange into ACMV DNA A
was derived similarly from pUC19-APA9 (Kittelmann et al., 2009)
by mutagenesis with oligonucleotides 1 and 2 (Table 1) as
described above.
The FBNYV Clink gene (C10) was ampliﬁed by PCR (94 1C for
5 min, followed by 25 cycles of 94 1C for 30 s, 52 1C for 30 s, and
72 1C for 2 min, with a ﬁnal step of 72 1C for 10 min) using a Pfu
DNA polymerase (Fermentas, St. Leon-Roth, Germany), oligonu-
cleotides C10-for and C10-rev (Table 1) and plasmid pQE30-C10
(Aronson et al., 2000) as the template. The PCR product was
digested with NdeI and SmaI (sites included in the primers) and
inserted into the corresponding sites of pREP2 to generate pREP2:
C10 for expression of a His6-Clink fusion protein (sequence for the
His-tag originating from plasmid pQE-30) in S. pombe. The plasmid
pREP2:C10LRA for expression of His6-ClinkC112R, E114A fusion protein
(ClinkLRA) in S. pombe was obtained by PCR as described above
with pQE30-C10C112R, E114A (Aronson et al., 2000) as the template.
The correctness of all constructs was veriﬁed by sequencing
(CEQ 8000 Sequencer, Beckman Coulter).
Analysis of Rep and Clink after protein expression in S. pombe
Plasmids pREP2:AC1, pREP2:AC1ASA, pREP2:C10, and pREP2:
C10LRA were introduced into S. pombe HE621 (hS leu1-32 ura4-
D18) and expression of Rep and Clink as well as their respective
mutants was performed as described in Kittelmann et al. (2009).
Cell extracts were prepared, subjected to SDS-PAGE (Laemmli,
1970) (10% PAA for Rep variants; 12.5% for Clink variants) and
processed for Western immunodetection as described (Aronson
et al., 2000; Kittelmann et al., 2009). Rep variants were detected
by a rabbit polyclonal serum against TYLCSV Rep (Campos-Olivas
et al., 2002), Clink variants by mouse monoclonal Penta∙His
antibodies (Qiagen, Hilden, Germany).
The endonuclease activity of Rep and RepASA in cell extract
supernatants and pellets was analyzed by an in vitro cleavage
assay with oligonucleotide 5 (Table 1) according to Kittelmann
et al. (2009). For microscopy, 100 μl aliquots of growing cultures
were harvested at different time points, ﬁxed with ethanol,
stained with 40,6 diamidino-2-phenylindole (DAPI), and analyzed
by differential interference contrast or ﬂuorescence as described
(Kittelmann et al., 2009). For ﬂow cytometry, aliquots of growing
cell cultures (1–2 ml) were harvested at different time points and
processed for ﬂow cytometry according to Kittelmann et al.
(2009). For each sample, 100.000 cells stained with propidium
iodide were analyzed in a Cytomics FC500 (Beckman Coulter,
Krefeld, Germany). WinMDI programme (http://facs.scripps.edu/
software.html) was used for data analysis. Based on the previous
ﬁnding that cells expressing the wt Rep protein form a subpopula-
tion that can be distinguished from normal cells in forward and
side scatter plots, a gate enclosing this subpopulation was set in a
forward versus side scatter plot of a Rep-expressing culture. The
gate was applied to all other samples in order to quantify the
number of cells within the gate and to analyze the DNA contents of
cells in the subpopulation and normal cells separately.
Infection assays
Monomers of wt DNA A of ACMV-[NG] (GenBank accession
number AJ427910) or mutant DNA A harboring the mutated RXL
motif of Rep were released from plasmids pUC19-APA9 or pUC19-
APA-AC1ASA with SphI, respectively. Monomers of wt DNA B
(accession number AJ427911) were released from plasmid
pUC19-AP3 (kindly provided by Rob Briddon, Faisalabad, Pakistan)
with SphI. N. benthaminana plants at the seven- to eight-leaf stage
were inoculated mechanically with mixtures of either wt DNA A or
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mutant DNA A together with wt DNA B. Either 1 μg of wt or
mutant DNA A and 1 μg DNA B were used in a volume of 10 to
20 μl per plant. In four independent experiments, a total of 42
plants (Table 4) were inoculated with the DNA A Rep mutant and
compared to 42 wt- and 42 mock-inoculated plants.
Extraction of total nucleic acids
Total nucleic acids from N. benthamiana plants at different days
post-inoculation were prepared using a modiﬁed CTAB method
(Permingeat et al., 1998) as described in Horn et al. (2011). The
ﬁnal DNA pellet was dissolved in 100 μl H2O and subjected to
rolling circle ampliﬁcation/restriction fragment length polymorph-
ism (RCA/RFLP) diagnosis.
RCA-RFLP
RCA was performed on 1 ml of total nucleic acid using the
TempliPhi™ Kit (GE Healthcare, Freiburg, Germany) according to
the manufacturer's instructions. 1 ml of RCA products were
digested with HpaII in a total volume of 10 ml and analyzed on
2% agarose in 1TBE buffer. Gels were stained with 0.5 mg/ml
ethidium bromide.
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